Background: In this study the influence of cultivation and proliferation on energy metabolic characteristics of human umbilical vein endothelial cells (HUVEC) has been examined. The energy metabolic capacities of human endothelial cells freshly isolated from the umbilical vein were compared with those after cultivation for three passages and as subconfluent and confluent cultures. Methods: Expression of cell typespecific differentiation markers and proliferative activity were studied in dependency on cultivation characteristics. Furthermore, the energy metabolic characteristics of HUVEC were analyzed by measurement of the maximum catalytic activities of marker enzymes of various metabolic pathways. Results: Examination of a typical marker of proliferation, Ki67, confirmed that HUVEC changed in culture from a non-proliferative to a proliferative state. Compared to other cell types, the enzyme pattern of HUVEC showed a high glycolytic and a high NADPH regenerating capacity. These capacities increased by cultivation nearly to the same degree as marker enzymes of other metabolic pathways (e.g. citric acid cycle). Conclusion: Our data support the theory that metabolism of EC is primarily by "aerobic glycolysis", i.e. the conversion of glucose to lactate in the presence of oxygen. These characteristics were independent of whether the cells are freshly isolated/non-proliferating or cell cultureadapted/proliferating.
Introduction
Vascular endothelial cells (EC) line blood vessels in every organ and tissue in the body and are estimated to consist of approx. 1 to 6 x 10 13 cells in adult humans which accounts for a significant share (about 1%) of the total body weight [1] . EC come into contact with all blood components such as nutrient substances including oxygen, biologically active molecules such as hormones, blood cells and drugs. It is well documented that EC play a crucial role in the regulation of blood flow and pressure [2] , as well as blood coagulation [3] . Furthermore, EC are involved in inflammation [4] , blood vessel formation [5] and are responsible for the bi-directional transmission 484 of biochemical and physical information between the blood and other vascular cells (e.g. smooth muscle cell population) and peri-vascular tissues, respectively. With these features, EC take part in the development of multiple diseases like atherosclerosis, thrombosis, sepsis, and tumor invasion and growth.
Since Jaffe et al. developed a method for the enzymebased isolation of EC from human umbilical vein in the early 70´s [6] the techniques of EC isolation and cultivation have increased tremendously. Nowadays, the cultivation of many different EC types from varying organ systems of different species is established (e.g. [7] [8] [9] ). These endothelial cultures are used for a wide spectrum of in vitro testing often allowing inferences on the in vivo situation [10] [11] [12] . For example, vascular EC in vitro express specific adhesion molecules when activated by inflammatory mediators similar to the in vivo situation [13, 14] . Furthermore EC in vitro can be stimulated to angiogenic differentiation. Thus, human EC can be used for in vitro assays which permit quantitative analysis of anti-and pro-angiogenic potential of drugs [15, 16] .
There is, however, evidence for a number of apparent discrepancies between EC in vivo and in vitro. For example, the expression of CD34 (transmembrane molecule on human hematopoietic progenitor cells and on many EC types) is reduced in EC of the human umbilical vein (HUVEC) with cultivation time [17, 18] . CD34 expression appears to be regulated by changes of the extracellular environment (growth factors, shear stress, extracellular matrix, further cell types/cell contact etc.) [19] . Furthermore, Kanda et al. revealed a decrease in the expression of the glucose transporter type 1 (GLUT1) in cultivated bovine peripheral nerve microvascular EC [20] . These cultivation-induced changes lead to the question of whether the energy metabolism in cultured EC is different from that in vivo.
Studies on EC of different origins have revealed that energy metabolism of EC in culture is based on glycolysis for ATP-production. Coronary EC from rats degrade 99% of glucose to lactate even under aerobic conditions but they are able to oxidize glutamine, lactate or fatty acids as well [21, 22] . Furthermore, Loike et al. discovered that HUVEC contain phosphocreatine and express creatine kinase (CK) [23] while Culic et al. (1997) did not find phosphocreatine in porcine EC [24] . Due to the low CK activity of EC in vitro a minor role of phosphocreatine to buffer cellular ATP level was suggested [25] . The pentose-phosphate pathway, which is important for anabolic processes and the defense against oxidative stress, is also present in EC as indicated by activities of glucose 6-phosphate dehydrogenase (G6PDH) [26] . Since these data are gained from EC in vitro, there are open questions with respect to possible cell culture-related adaptation effects.
Due to the widespread distribution of EC within different tissues, energy metabolism in vivo can not be investigated in a quantitative manner as can be done with other organs (e. g muscle, liver or brain), in which the tissue-specific cell-type accounts for the largest cell population within the tissue. Hence, most data concerning the energy metabolism of EC are derived from EC after proliferation in culture. How far cell cultivation and thus related proliferation affects the metabolic pattern of EC is still unknown. Renal epithelial cells, for example, show dramatic alterations of metabolic rates and levels of enzyme activities by changes in nutrient supply and oxygenation in vitro [27] .
EC in vivo are evaluated as proliferatively quiescent in adults (if not activated by regeneration processes), whereas EC in vitro possess a proliferation-activated phenotype [1] . Dobrina and Rossi investigated freshly isolated microvascular EC of calf penis and found high rate of glycolysis compared to that of respiration and a high potential of pentosephosphate pathway as described in EC in confluent cultures [28] . In this paper we present a human EC-based comparative study of energy metabolism of freshly isolated EC with cultivation-adapted, proliferating and proliferation-reduced EC.
We have established an isolation protocol for EC from human umbilical vein that led to a sufficient number of cells for subsequent enzyme analysis. This cell population was called P 0 since no cell passaging took place. These P 0 -HUVEC cultures were almost free of contaminating cells (blood cells, perivascular cells) and thus represent a suitable basis for the determination of maximum activities of marker enzymes representing different pathways of energy metabolism in vivo. The P 0 -data were compared with those from HUVEC kept in culture for approximately two weeks (including three passages) reaching a subconfluent (sP 3 ) or confluent state (cP 3 ). In addition the enzyme activities were compared with data of other cell types in order to highlight the specific characteristics of energy metabolism in HUVEC.
Materials and Methods

Materials
Cell culture plastic was obtained from Becton Dickinson and Greiner if not otherwise indicated.
Isolation and culture of EC EC from the human umbilical vein (HUVEC) were isolated as described by Jaffe et al. [6] . Since cultures were classified into P 0 and P 3 , two different cell isolation procedures were used. For P 0 cultures, the cells were seeded in fetal calf serum (FCS)-containing M199 (composition see below) and kept 4 h in the incubator for cell attachment. After 4 h cells were fixed for cell characterisation (see ´Immunofluorescence´) or cell lysates were made for enzyme activity assays (see below). In contrast, the P 3 cultures were cultivated until confluency was reached (within 3 -4 d). Cell cultivation was performed in M199 (SigmaAldrich) containing 20% FCS (Invitrogen), 2 mM Glutamax TM -I (Invitrogen), Penicillin/Streptomycin (100 U/ml and 100 µg/ml, Invitrogen), sodium heparin (25 µg/ml, Sigma-Aldrich), and endothelial growth factor supplement (25 µg/ml, Becton Dickinson) in a humidified atmosphere (37°C, 5% CO 2 ). The cells were cultured on tissue culture plastic pre-coated with gelatine (0.2%, Sigma-Aldrich). The culture medium was changed every two or three days. The cells were detached using trypsin-EDTA (Invitrogen).
Immunofluorescence
Tissues: Umbilical cords were cleaned from attached blood and the vein was washed three times with warm phosphatebuffered saline solution (PBS, Ca 2+ /Mg 2+ -free, 37°C, Cambrex) so that blood cells were largely removed. Afterwards the vein was filled with 4% formaldehyde (PBS-buffered, freshly prepared, Sigma-Aldrich) and the cord was totally immersed in formaldehyde. After the fixation (4 h, room temperature) the cord was cut in 0.5 cm slices and the slices were embedded in paraffin according to standard protocols. Paraffin sections were mounted on coated slides (SuperFrost Plus, Menzel), dewaxed, and rehydrated through alcohol gradients. Antigens were unmasked by microwave treatment of the slides (5 min, three times, citrate buffer pH 6.0, 700 W). Staining for von Willebrand Factor (vWF) was with a polyclonal rabbit antibody (Dako); staining for CD31 (platelet endothelial cell adhesion molecule-1/PECAM-1) and CD34 was with monoclonal mouse antibodies (CD31: clone JC70A, Dako; CD34: clone QbEnd/10, Dianova). The secondary, fluorochrome-coupled antibody was a goatanti-rabbit or a goat-anti-mouse AlexaFluor 488, respectively (Invitrogen). The secondary antibody was used without the presence of a primary antibody as negative control. The slides were covered with GelMount (Biomeda Corp/Natutec).
Cells: Freshly isolated human umbilical vein cells or HUVEC in P 3 were seeded onto fibronectin-coated glass chamber-slides (Nunc). After 4 h (for freshly isolated cells) or after 3 passages (for cell culture-adapted HUVEC), respectively, cells were fixed with buffered 3.7% paraformaldehyde (15 min, room temperature, Sigma-Aldrich). Staining for vimentin, smooth muscle actin (SM-actin), CD14, CD31, CD34 and Ki67 was performed with monoclonal mouse antibodies (vimentin: clone VIM 3B4 -Progen; SM-actin: clone ASM-1 -Progen; CD14: clone 7 -Novo Castra/Loxo; CD31: clone HC1/6 -Cymbus Biotechnology; CD34 clone QBEnd/10 -Dianova, Ki67: clone MIB-1). Staining for vWF was performed with a polyclonal rabbit antibody (Dako). AlexaFluor 488-secondary antibodies were used for the final antigen detection (AlexaFluor 488 goat anti-mouse, donkey anti-rabbit, Invitrogen). Nuclear staining was with Hoechst 33342. Fluorescence labeled cells were covered with GelMount (Biomeda Corp/Natutec).
Enzyme activity assays HUVEC were enzymatically detached by discharging culture medium, washed with PBS and rinsed with trypsin/EDTA solution (0.25% trypsin/1 mM EDTA, Invitrogen) for a few seconds, the trypsin/EDTA solution was then removed and the dishes incubated for about 2 min until the HUVEC were detached from the surface. The enzymatic reaction was stopped by the addition of FCS-containing medium. Afterwards the cell suspension was centrifuged with 300 x g at 4°C for 5 min; the resulting supernatant was removed and the HUVEC pellet was shock-frosted in liquid nitrogen and afterwards stored at -20°C.
All chemicals addressed in the following section were purchased from Sigma-Aldrich (chemicals) or Roche (enzymes) if not otherwise indicated. For enzyme assays the frozen cell pellets were resuspended in sodium phosphate buffer (100 mMol/l; pH 7.6) containing 1 mMol/l EDTA, 1 mMol/l dithiothreitol and homogenized with sonifier (3 x 10 s, at 4°C). Enzyme activities were performed with aliquots of HUVEC homogenates. For comparison, frog gastrocnemius muscles, mouse hearts and flight muscles of the hawk moth Manduca sexta were homogenized in the same solution as HUVEC, centrifuged at 10,000 x g (10 min, 4°C) and the supernatant were used for assays. The assays were performed spectrophotometrically at 340 nm (25°C) using NAD(P)H + H + as indicator. The activities are given as international units (1U = 1 µmol substrate transformed per min at 25°C). The enzyme assays are described in Bergmeyer (1983) and were modified as described [29] :
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, EC 1.2. 
Protein quantification
The protein quantification was performed by the BCA Protein Assay Kit (Pierce) according to the manufacturer's instructions.
Number of determinations and statistical analysis
Numbers of determinations are mentioned in the Figure and Table legends. Minimal number was n=3, highest was n=9. Calculations and statistical analysis were carried out with Excel 2003. The homogeneity of variance of enzyme activity data was analyzed with the F-test. Differences between the mean were analyzed by t-test (P < 0.01 as indicated in Table 1 ).
Results
EC-specific markers in freshly isolated and culture-adapted HUVEC
Human EC from umbilical vein (HUVEC) were isolated within 4 h (P 0 ) and kept in culture for approx. 2 weeks with three passages (P 3 ). In order to verify that the freshly isolated HUVEC (P 0 ) were free of contaminating cells of other types, cell type-specific immunofluorescent staining reactions were performed. HUVEC in situ exhibit strong expression patterns for CD34, von Willebrand Factor (vWF) and CD31 (Fig. 1a-c ) and in agreement with the in vivo situation the freshly isolated cell population was positive for these markers ( Fig. 1d:  CD34 ; Fig. 1e: vWF; Fig. 1f: CD31) . The staining pattern was typical for endothelium. The vWF was stored in Weibel-Palade-bodies so that the staining appeared punctated. CD31 was distributed within the intercellular contacts. Furthermore, cells were negative for smooth muscle cell (SMC)-specific actin (SM-actin) and the cell surface marker CD14, specific for monocytes/ macrophages and neutrophils (data not shown). On the basis of this staining pattern we concluded that the cell population was of endothelial origin. Thus, a noticeable contamination of the freshly isolated EC with blood cells, smooth muscle cells and fibroblasts could be excluded. After about two weeks in culture (from P 0 to P 3 ) the protein expression of CD34 was reduced. Whereas cells in P 0 showed CD34 protein expression, only a few CD34- Table 1 . Activities of energy metabolism-associated enzymes in HUVEC of P 0 and P 3 (subconfluent and confluent) and ratios of sP 3 /P 0 (cell culture adapted and proliferating vs. non-cultivated and nonproliferating HUVEC) and cP 3 /sP 3 (confluent and slightly proliferating vs. subconfluent and highly proliferating) respectively. Results are presented as means ± s.e.m. for at least four separate batches of cells (n). The maximum activities are given in µmol product formed per min and g protein at 25°C (acronyms: GAPDH/glyceraldehyde 3-phosphate dehydrogenase, PFK/6-phosphofructokinase, LDH/ lactate dehydrogenase, NADP-ICDH/NADP + -dependent isocitrate dehydrogenase, HOADH/β-hydroxyacyl-CoA dehydrogenase, CK/creatinekinase, G6PDH/Glucose 6-phosphate dehydrogenase. *) data of subconfluent P 3 (sP 3 ) were significantly different from P 0 (P < 0.01). The data of confluent P 3 (cP 3 ) did not significantly differ from those of sP 3 at the same level.
positive HUVEC were detectable in P 3 (Fig. 1g) . Interestingly, the intensity of CD34 protein expression in the CD34-positive subpopulation appeared as intense as in P 0 (Fig. 1d) . The amount and distribution of vWF (Fig.  1h) and CD31 (Fig. 1i) were similar in P 0 and P 3 , vWF was stored in Weibel-Palade-bodies, and CD31 was distinctly detectable within the interendothelial cell contacts.
Cultivation length and cell density-dependent changes of EC-and proliferation-specific markers in HUVEC
The proliferation marker Ki67, strictly associated with cell proliferation and thus present during all active phases of the cell cycle, was almost completely lacking in P 0 HUVEC (Fig. 2a) . Thus, HUVEC freshly isolated from umbilical cords did not exhibit a proliferative activity. In contrast to P 0 cultures, subconfluent cultures of HUVEC in P 3 (sP 3 , 2 days after seeding, Fig. 2c) showed Fig. 1 . Immunofluorescence staining for CD34, vWF and CD31 of the HUVEC layer in human umbilical vein cross sections (a,b,c), of freshly isolated cells (P 0 , 4 h after isolation; d,e,f) and of confluent HUVEC in P 3 (cP 3; g,h,i). a,d,g) CD34 (green), b,e,h) vWF (green), c,f,i) CD31 (green; nuclear staining in blue).
Fig. 2.
Proliferative activity of freshly isolated HUVEC (P 0 ) and of cell culture adapted cells in P 3 ; a) immunofluorescence staining for Ki67 protein in P 0 -cultures 4 h after isolation and b) in sP 3 -cultures (Ki67 staining in green, nuclear staining in blue); c) phase contrast microscopic depiction of the subconfluent state of sP 3 -cultures (2 days after seeding in P 3 ) and d) of the confluent state in cP 3 -cultures (4 days after seeding in P 3 ), e) relative DNA amount in P 3 -cultures (determined by crystal violet staining 2, 4, and 5 days after seeding, sP 3 : 2 days after seeding, cP 3 : 5 days after seeding, n=9, *significantly different from sP 3 -cultures which are set as 100%, p>0.001); f) Ki67 protein expression/DNA amount in P 3 -cultures 2, 4 and 5 days after seeding (n=6, *significantly different from sP3-cultures which are set as 100%, p<0.05).
Energy Metabolism of Endothelial Cells a distinct Ki67 protein expression (Fig. 2b) . Approximately 20% of the cells were Ki67 positive (estimated by counting Ki67-positive cells and nuclei). 4 days after seeding in P 3 the cultures reached confluency (Fig. 2d) . At that time point the cell number was 2.4-fold higher compared Cell Physiol Biochem 2009; 24:483-492 to sP 3 (Fig. 2e , relative cell number calculated on the basis of quantified DNA amount) and Ki67 protein expression was reduced compared to sP 3 (Fig. 2f , reduction about 30%). 5 days after seeding in P 3 (cP 3 ) the cell number reached a steady state (Fig. 2e ) and the Ki67 protein expression was even more reduced (Fig. 2f , reduction of about 50%). Hence, freshly isolated HUVEC did not show proliferative activity whereas subconfluent HUVEC (sP 3 ) showed substantial proliferation indicated by increased cell number and a marked nuclear Ki67 protein expression. Confluent cultures (cP 3 ) showed stable cell numbers and a considerable reduction of Ki67 protein expression and thus reduced proliferative activity.
Cultivation-dependent changes of enzyme activities in HUVEC
The activity ratios of marker enzymes of the different energy metabolic pathways are useful indicators for the favored metabolic pathways in tissues or cells [30] . Therefore, maximum catalytic activities of a number of key enzymes of important energy metabolic pathways were measured in freshly isolated HUVEC (P 0 ) and in HUVEC after about two weeks in culture (corresponding to 3 passages) harvested in a subconfluent (sP 3 ) and a confluent state (cP 3 ). All time points studied demonstrated the glycolytic enzymes (i.e. GAPDH, PFK) and LDH (indicating high capacities for lactate conversion) with the highest activities compared to the other metabolic pathways (Table 1 ). The maximum activity of GAPDH was 270, that of PFK was 17 and that of LDH reached 208 (unit: µmol product formed per min and g protein at 25°C). In comparison, maximum activities of mitochondrial metabolic pathways, i.e. ICDH (marker enzyme for citric acid cycle) and HOADH (marker enzyme for fatty acid oxidation) were markedly lower (5.7 for ICDH and 1.4 for HOADH).
All enzyme activities were increased in isolated HUVEC within 2 weeks in culture but to a different extent. Compared to P 0 , the enzyme activities in sP 3 were 3-to 5-fold higher with the exception of LDH (1.6-fold). The variances of enzyme activities between sP 3 (2 days after seeding) and cP 3 (5 days after seeding) indicated that the cytoplasmic enzyme activities (GAPDH, PFK, LDH, CK, and G-6P-DH) did not increase further, while the mitochondrial enzymes (ICDH and HOADH) did. Maximal activity of ICDH was completely NADP + -dependent in all three tested cell culture conditions (i.e. P 0 , sP 3 , cP 3 ). NAD + -dependent ICDH activity was not detectable in HUVEC in any of the tested states.
Comparison of HUVEC energy metabolic pattern with that of other tissues and cell types
We compared energy metabolic pattern of HUVEC with those of other tissues and cell types ( Table 2) . Since glycolysis appears to be important in HUVEC, we attributed most of these activities to PFK activity. Correspondingly, the ratio of HOADH/PFK of HUVEC was low (i.e. 0.12) similar to that of the white glycolytic frog muscle (i.e. 0.07), indicating the preference for glycolysis compared to fat oxidation. This ratio was 20-fold higher for mouse heart (HOADH/PFK-ratio in HUVEC was 0.12, in mouse heart 2.5) and 175-fold for the flight muscle of the mouth M. sexta (in HUVEC 0.12, in flight muscle 21.1). Correspondingly, the ratio of LDH to the marker enzyme of the citric acid cycle ICDH (NAD + -+ NADP + -dependent activities) was low in this 
lactate production (e.g. white frog muscle) or lactate consumption (e.g. mouse heart). Very high LDH maximum activities are known to occur in tumorigenic or carcinoma cells resulting in high ratios of LDH/ICDH (Table 2 ; e.g. 111 in carcinoma cells, 135 in RCC-1t cells) and of LDH/PFK (e.g. 88.6 in epithelial carcinoma cells, 197.5 in RCC-1t cells).
G6PDH activity, related to the marker enzyme of glycolysis (PFK), was the highest in HUVEC (G6PDH/ PFK ratio of 0.68). The other proliferating cells (fibroblasts and tumor cells) also showed high G6PDH/PFK ratios compared to muscles (e.g. MRC-5 fibroblasts: ratio of 0.4, rat heart cells RCC-1t: ratio of 0.2). A high capacity was also found for glutathione reductase (GSSG-red/PFK, i.e. 0.32) in HUVEC which exceeded that of muscles several-fold (e.g. 0.02 in white muscle of frogs and 0.07 in red muscle of mice heart) and indicate a high defense potential against oxidative stress.
Discussion
EC undergo a variety of adaptations after isolation and cultivation in vitro. For example EC-typical markers such as vWF and CD31 were present in HUVEC in situ and their expression and cellular distribution did not change during 2 weeks of culture, whereas expression of other proteins such as CD34 (highly expressed in HUVEC in situ) decreased with cultivation time. The effect of reduced CD34 protein expression in culture was previously reported for human pulmonary EC [31] . The reason for this reduction in CD34 protein expression in vitro is unclear. CD34, formerly misleadingly used as an exclusive hematopoietic stem cell marker, is currently considered to be expressed in different progenitor cells of mesenchymal origin [32] [33] [34] . Therefore, reduction of CD34 expression could be a reflection of a specific differentiation status.
An additional example for cultivation-induced changes is the replication rate of human umbilical vein EC (HUVEC), which is low in vivo compared to that in culture, suggesting activation of a number of signaling pathways involved in cell proliferation. Cines et al. 1998 , estimated the average replication rate of EC in vivo to about 0.1% per day and 10 to 20 % in culture [1] . The proliferation data of this study are completely in agreement with the estimation of Cines et al. in that freshly isolated HUVEC do not show substantial proliferative activity (only a negligible proliferation marker/Ki67-positive population was detectable), whereas in subconfluent cultures of P 3 (sP 3 ) 20% of the cells were proliferating (Ki67 positive). Furthermore, we could show that subconfluent HUVEC cultures in P 3 increased cell numbers of about 2.4-fold within 2 days until reaching confluency (from sP 3 to cP 3 ). Cell proliferation decreased when cultures became confluent (cP 3 ) reaching almost a steady state in cell number between day 4 and 5 after seeding.
Against the background of divergent cultivation-induced reactions, we compared energy metabolic capacities of HUVEC directly after isolation and after 3 passages (i.e. two weeks in culture). The activity ratios of special marker enzymes are useful indicators for the favoured energy metabolic pathways in tissues or cells [30] . We found that the capacity for glycolysis with lactate production exceeded that of other pathways in HUVEC, independent of their proliferation state. This became obvious from the high maximum activities of LDH and GAPDH but also from PFK activity. The fact that the PFK activity is more than 10-fold lower than GAPDH is well known for many cell types and based on the fact that GAPDH catalyzes a near-equilibrium reaction in vivo while the regulatory enzyme PFK controls a non-equilibrium reaction and might limit the glycolytic flux [35] . According to the PFK activities of fresh and cultured HUVEC maximum glycolytic fluxes of about 2 to 8 µmol glucose/hour and mg cell protein at 37°C were calculated. This turnover is higher but in the same order of magnitude as the glycolytic flux in confluent rat coronary EC under aerobic conditions (0.7 µmol glucose/hour and mg cell protein at 37°C, calculated from data of Krützfeld et al. [21] ). During hypoxia lactate production was not significantly increased (low Pasteur effect) which would be necessary to compensate aerobic ATP yield per glucose (38 ATP/glucose) by anaerobic lactate production (2 ATP/glucose). This also supports the hypothesis that in EC glycolysis with lactate production does not function as a compensation mechanism for reduced respiratory ATP-supply during hypoxia but is the main energy pathway even under aerobic conditions.
Our data on human EC support the theory that the energy metabolism of EC is characterized by glucose fermentation to lactate even under normoxic conditions ("aerobic glycolysis") [24, 28] . The low ATP yield of "aerobic glycolysis" compared to respiration suggests important reasons to use this pathway. "Aerobic glycolysis" is known to occur in erythrocytes because these cells do not contain mitochondria [36] . It is also described for sperm where the mitochondria are compartmentalized in the short midpiece of the flagellum and glycolysis may supply the mitochondrial-free region with ATP [37] . Warburg et al. observed "aerobic glycolysis" in various tumours (Warburg effect) and believed that an impairment of mitochondrial function caused "aerobic glycolysis" [38] . Overexpression of glycolytic enzymes appears to be typical for all tumour cell types so far tested but their capacity for oxidative phosphorylation seems to be tumour cellspecific [39, 40] . Studies on hepatocytes and several other non-malignant cell types have suggested that "aerobic glycolysis" is linked to cell proliferation rather than to malignancy [41] . A correlation was established between the amount of lactate produced and the cell doubling time [42] . Wang et al. investigated normal lymphocytes and proposed "aerobic glycolysis" not only associated with cellular proliferation, but more specifically temporally related to DNA synthesis [43] . Cultured rat thymocytes enter a proliferative cycle after stimulation by concanavalin A and interleukin-2, with maximal rates of DNA synthesis at 60 h. Compared with non-proliferating thymocytes, glucose metabolism of proliferating thymocytes was 53-fold increased [44] . Greiner et al. 1994 , demonstrated that proliferating thymocytes cultured in glucose-containing medium induced their glycolytic enzymes 8-10-fold in the S phase of the cell cycle and the replacement of glucose by e.g. glutamine or glutamine and ribose prevents glycolytic enzyme induction and thymocyte proliferation [45] . The authors concluded that glucose was required for proliferation and for the glycolytic enzyme induction that mediated the transition from oxidative to glycolytic energy production during the cell cycle transition (G1/S) of rat thymocytes. In contrast, studies on chinese hamster fibroblasts totally blocked in their glycolytic pathway showed normal DNA synthesis indicating that growth-factor-stimulated glycolysis was not involved in the control of initiation of DNA synthesis and cell proliferation [46] . Our data showed that proliferation of EC in culture was accompanied by an increase of glycolytic enzymes, but even in a non-proliferative state glycolytic capacity was dominant, suggesting that "aerobic glycolysis" also occurred in non-proliferating EC and probably might be an adaptation to its function or the oxidative environment (see below). Whether the synthesis of glycolytic enzymes in EC is regulated on the transcriptional or translational level during proliferation is unclear. For Saccharomyces cerevisiae poor correlation between protein and mRNA levels indicated the importance of translational mechanisms and/or the control by protein degradation [47, 48] . The metabolic flux in EC is certainly lower as the maximum activities of the enzymes because metabolic control by substrates, products and effectors of the flux generating enzymes like PFK for glycolysis limits the activities in vivo [49] . The presence of mitochondrial pathways indicated that ATP-supply of EC by "aerobic glycolysis" can be supported or partially replaced by respiration. In coronary EC, palmitate, lactate or glutamine are oxidized, particularly if no extracellular glucose is present [22] . Correspondingly, we found increasing activities of the mitochondrial enzymes HOADH and ICDH in HUVEC during proliferation, but their maximum activities are considerably lower than that of PFK. In contrast to the glycolytic enzymes and LDH, the activities of both mitochondrial enzymes still increased when HUVEC culture became confluent. This might be caused by the fact that the development of mitochondria requires more time during proliferation than the synthesis of glycolytic enzymes [50] .
The CK activity in HUVEC was relatively low, particularly if compared with that in muscle (Tab. 2) using phosphocreatine for short term recovery of ATP during fast twitch contractions [51] . From pig coronary EC evidence is available that CK is located exclusively in the cytoplasm together with low phosphocreatine amounts [52] which are not permanently detectable by NMR [24] . Mitochondrial CK was not detected, thus arguing against a shuttle function of phosphocreatine/CK as proposed for various cell types particularly heart muscle or sperm [53, 54] .
G6PDH is a key enzyme of the pentosephosphate pathway which delivers important substrates (NADPH and riboses) for anabolic metabolism. NAPDH also serves for the maintenance of the cellular redox status and prevention of cell damage by oxidative stress. NADPH also contributes to endothelial NO-synthesis [55, 56] . , showed that G6PDH activity modulates EC migration, proliferation, and tube formation induced by VEGF (vascular endothelial cell growth factor) by regulating NO (nitric oxide) levels [57, 58] . A suggested mechanism is that G6PDH influences the activity via endothelial nitric oxide synthase (eNOS), which has an absolute requirement for NADPH as a cofactor. G6PDH may therefore serve as a regulatory determinant of the angiogenic phenotype [57] . The evidence and multifunctional role of G6PDH is represented by the comparatively high capacity of G6PDH activity not only in proliferating HUVEC but also in freshly isolated, nonproliferating HUVEC, indicating the importance of the pentose-phosphate pathway in EC (Table 2) .
